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of these complexes is distorted by the relatively small size of the
hydride ligand. On the basis of the Ir-P distances in 2, 4, and
6 and in cis-IrH(CH,OH)(PMe;),*PF, "% the following trans
influence order is obtained: H > CH,0OH > P > SH > OCH;
> OH. This implies that the Ir-OH bond is the least covalent.!
Indeed, this bond is 0.029 A longer than Ir~OCH,. This order
is in agreement with the observed exchange reactivity of OH and
unreactivity of SH toward methanol.

It is interesting to note the relatively small Ir-O-H angle of
91 (£7)° and the orientation of the OH ligand in 2. For com-
parison, the Ir-S—H angle in 6 is 111 (£3)° with the SH pointing
away from the hydride, and the Ir~-O-CH; angle in 4 is 119.4
(£0.9)°. This may be a result of an interaction between the
hydridic Ir-H and the OH proton, although the distance H,---H,
of 2.441 A is too large to represent a normal hydrogen bond. MO
calculation aimed at clarifying the nature of this interaction are
in progress, as are other studies on the reactivity and mechanism
of formation of the above complexes.

Supplementary Material Available: Tables of fractional coor-
dinates and isotropic thermal parameters, anisotropic thermal
parameters, interatomic distances, intramolecular angles and
intermolecular distances for compounds 2, 4, and 6 (15 pages);
tables of structure factor amplitudes for 2, 4, and 6 (15 pages).
Ordering information is given on any current masthead page.

(16) A relatively low trans effect of OH compared to other ligands was
indicated on the basis of spectroscopic data: (a) Chatt, J.; Heaton, B. T. J.
Chem. Soc. A 1968, 2475. (b) Appleton, T. G.; Bennett, M. A. Inorg. Chem.
1978, 17, 738.
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Asperdiol (1) is a cembranoid marine natural product which
has been isolated from the extracts of Caribbean gorgonians of
the Eunicea genus.! The extracts had been shown to be active
in vivo against the National Cancer Institute’s P-388 lymphocytic
leukemia assay and several other cancer cell lines. The activity
was traced to asperdiol and the structure and the absolute con-
figuration were determined by X-ray crystallography.! Two total
syntheses of the racemate of 1 have been described.? A total
synthesis of (+)-desepoxyasperdiol (2) has been performed in our
laboratory.? In this paper we describe the first total synthesis
of (-)-asperdiol.

The presence of the C-6, C-7 epoxide in 1 made it necessary
to follow an approach that differed significantly from the one used
for 2. The retrosynthetic cleavage of the macrocycle led to three
fragments. The two large fragments include C-4 through C-12
and C-13 through C-2. The remaining carbon atoms, C-3 and
C-20, comprise the third fragment. Each of the two large frag-
ments included two of the asymmetric centers of the final product,
therefore a convergent and enantioselective synthesis appeared
possible. A synthesis of sulfone 3, the starting point for the total
synthesis, from (2R,35)-4-benzyloxy-2,3-epoxy-1-butanol has been

(1) Weinheimer, A. J.; Matson, J. A.. van der Helm, D.; Poling, M.
Tetrahedron Lett. 1977, 1295-1298.

(2) (a) Still, W. C.; Mobilio, D. J. Org. Chem. 1983, 48, 4785-4786. (b)
Aoki, M.; Tooyama, Y.. Uyehara, T.; Kato, T. Tetrahedron Lett. 1983,
2267-2270.

(3) Tius, M. A.; Fauq, A. H. J. Am. Chem. Soc. 1986, 108, 1035-1039.
Marshall has recently described a synthesis of racemic desepoxyasperdiol:
Marshall, J. A.; Cleary, D. G. J. Org. Chem. 1986, 51, 858-863.
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described.® It will be necessary to distinguish the two alcohol
groups of 3 later in the synthesis so it is most efficient to protect
them with orthogonal protecting groups at an early stage.

Acetonide exchange in dimethoxyethane—ethylene glycol was
catalyzed by Amberlyst IR-120 at 45 °C for | h to produce the
diol in 85% yield. The primary alcohol was converted to the
tert-butyldimethylsilyl ether in 87% yield by treatment in N, V-
dimethylformamide at 23 °C for 1 h with 1.2 equiv of tert-bu-
tyldimethylsilyl chloride and 2.5 equiv of imidazole.* The sec-
ondary alcohol was protected as the ethoxyethyl derivative (99%
yield) by pyridinium tosylate catalyzed reaction with ethyl vinyl
ether in dichloromethane. The choice of the ethoxyethyl protecting
group was crucial to the success of the synthesis. This was un-
fortunate, because the presence of the asymmetric acetal carbon
of the protecting group made the interpretation of NMR spectra
tedious. The two stereocenters at C-1 and C-14 of 1 are present
in 4. The carbanion stabilizing group at C-13 allows the formation
of the C-12, C-13 bond through a nucleophilic displacement
reaction.

A synthesis of the C-13, C-2 fragment from homogeraniol was
conceptually very simple. The asymmetric epoxidation of hom-
oallylic alcohols according to Sharpless’ conditions, however, leads
to products with a modest degree of enantioselectivity.” Therefore
an alternative approach was followed. (2R,3R)-2,3-Epoxygeraniol
was prepared from geraniol.5 The optical purity of this material
was determined to be >95% by analysis of the (+)-MTPA ester.’
The conversion of (2R,3R)-2,3-epoxygeraniol to (3R,4R)-3,4-
epoxyhomogeraniol (§) was undertaken next. Epoxygeraniol was
converted in quantitative yield to the labile mesylate by treatment
with 1.2 equiv of methanesulfonyl chloride and 1.5 equiv of tri-

(4) Corey, E. J.; Venkateswarlu, A. J. Am. Chem. Soc. 1972, 94,
6190-6191.

(5) Rossiter, B. E.; Sharpless, K. B. J. Org. Chem. 1984, 49, 3707-3711.

(6) (a) Katsuki, T.; Sharpless, K. B. J. Am. Chem. Soc. 1980, 102,
5974-5976. (b) Katsuki, T.; Lee, A. W. M,; Ma, P.; Martin, V. S.; Masa-
mune, S.; Sharpless, K. B.; Tuddenham, D.; Walker, F. J. J. Org. Chem. 1982,
47,1373-1378.

(7) Dale, J. A,; Dull, D. L.; Mosher, H. S. J. Org. Chem. 1969, 34,
2543-2549.
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ethylamine in dichloromethane (0 °C, 15 min). The mesylate
was immediately converted to the bromide by exposure for 24 h
at 23 °C to 2 equiv of anhydrous lithium bromide in acetone (67%
yield). Several attempts to homologate epoxygeranyl bromide
failed.®! Success was realized with (diisopropoxymethylsilyl)-
methylmagnesium chloride.’ Lithium tetrachlorocuprate!® (0.6
mol % in tetrahydrofuran) catalyzed the coupling of the silyl
Grignard reagent to form 6. Treatment with 3 equiv of potassium
hydrogen fluoride and 3.5 equiv of 30% aqueous hydrogen peroxide
in N,N-dimethylformamide produced & in 52% overall yield from
epoxygeranyl bromide.

The next task was to functionalize the E vinyl methyl group
of 8. The alcohol was converted to the pivalate ester with 2 equiv
of pivaloyl chloride in pyridine at 23 °C for 1 h (85% yield).
Allylic oxidation with 5 equiv of tert-butyl hydroperoxide in di-
chloromethane at 23 °C for 24 h was catalyzed by selenium
dioxide.!

These conditions furnished 7, [a]p?* +9.3° (¢ 0.17, CH,Cl,),
in 50% yield along with 20% of recovered 6. The conversion of
7 to allylic chloride 8 was accomplished by treatment of an ethereal
solution of the allylic alcohol with an excess of carbon tetrachloride
and 1.5 equiv of hexamethylphosphorus triamide for 10 min at
0 °C (79% yield.)!?

The two fragments of (—)-asperdiol were joined in 81% yield
by treatment of allylic chloride 8 (1.06 equiv) with the lithio anion
of sulfone 4 (1.12 equiv of a-butyllithium, dimethoxyethane, 20%
HMPA, -78 to 0 °C, 3 h). Reductive removal of the benzene-
sulfonyl group from the product and simultaneous pivalate ester
hydrolysis took place with 6% sodium amalgam in methanol (23
°C, 20 h) to produce 9 in 68% yield.!> All but two of the carbon
atoms of (-)-asperdiol are present in 9. An intramolecular
Horner-Emmons reaction was planned for the closure of the
14-membered ring.? Accordingly, carbon atoms C-3 and C-20
were introduced by converting the mesylate of 9 to iodide 10 by
treatment with sodium iodide in refluxing acetone (81% yield),
followed by displacement of the iodide by the sodium salt of
triethylphosphonoacetate at 50 °C for 0.5 h in N,N-dimethyl-
formamide in the presence of catalytic 18-crown-6 (78% yield).
Phosphonate ester 11 incorporates all of the carbon atoms of 1.
Removal of the silyl protecting group with 3 equiv of tetra-n-
butylammonium fluoride in tetrahydrofuran (95% yield) was
followed by Swern oxidation (8 equiv of dimethyl sulfoxide, 10
equiv of triethylamine, 4 equiv of oxalyl chloride, —78 to 23 °C)
to aldehyde 12 in 95% yield.!* The intramolecular Horner—
Emmons reaction was accomplished by treatment of a 0.003 M
solution of 12 in anhydrous acetonitrile with 5 equiv of DBU and
10 equiv of lithium chloride at 23 °C for 9 h.® Ester 13 was
obtained in 61% yield as a single geometrical isomer.!® The

(8) Via cyanide displacement: (a) Mizuno, A.; Hamada, Y.; Shioiri, T.
Synthesis 1980, 1007-1008. (b) Kojima, Y.; Wakita, S.; Kato, N. Tetra-
hedron Lett. 1979, 4577-4580. (c) Hoye, T. R.; Kurth, M. J. J. Org. Chem.
1978, 43, 3693-3697. Via displacement with [(phenylthio)methyl}lithium:
(a) Corey, E. J.; Seebach, D. J. Org. Chem. 1966, 31, 4097-4099. (b) Corey,
E. J.; Jautelat, M, Tetrahedron Lett. 1968, 5787-5788. Via displacement with
(2-mercaptothiazoline)lithjum: (a) Hirai, K.; Matsuda, H.; Kishida, Y.
Tetrahedron Lett. 1971, 4359-4362. (b) Hirai, K.; Kishida, Y. Tetrahedron
Lett. 1972, 2743-2747. (c) Sandifer, R. M.; Thompson, M. D.; Gaughan, R.
G.; Poulter, C. D. J. Am. Chem. Soc. 1982, 104, 7376-7378.

(9) Tamoa, K.; Ishida, N.; Kumada, M. J. Org. Chem. 1983, 48,
2122-2124,

(10) Kochi, J.; Tamura, M. Synthesis 1971, 303. Kochi’s catalyst gave
higher yields than cuprous iodide; however, the reaction was somewhat slower.

(11) Umbreit, M. A.; Sharpless, K. B. J. Am. Chem. Soc. 1977, 99,
5526-5528.

(12) (a) Downi, I. M.; Lee, J. B.; Matough, M. F. S. J. Chem. Soc., Chem.
Commun. 1968, 1350~1351. (b) Harding, K. E.; Trotter, J. W. J. Org. Chem.
1977, 42, 4157-4159. Bunton’s procedure had failed in this case. Bunton,
C. A.; Hachey, D. L.; Leresche, J. P. J. Org. Chem. 1972, 37, 4036-4039.

(13) (a) Julia, M.; Blasioli, C. Bull. Soc. Chim. Fr. 1976, 1941-1946. (b)
Trost, B. M.; Arndt, H. C.; Strege, P. E. Tetrahedron Lett. 1976, 3477-3478.

(14) (a) Omura, K,; Sharma, A. K.; Swern, D. J. Org. Chem. 1976, 41,
957-962. (b) Huang, S. L.; Omura, K.; Swern, D. /bid. 1976, 41, 3329. (c)
Mancuso, A. J.; Huang, S. L.; Swern, D. J. Org. Chem. 1978, 43, 2480-2482.
(d) Omura, K.; Swern, D. Tetrahedron 1978, 34, 1651-1660.

(15) Blanchette, M. A.; Choy, W.; Davis, J. T.; Essenfeld, A. P.; Masa-
mune, S.; Roush, W. R.; Sakai, T. Tetrahedron Lett. 1984, 2183-2186.
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complete selectivity for the desired E isomer was unexpected
because a 2:1 mixture of E and Z isomers had been obtained from
the cyclization of 14. Molecular mechanics calculations!” indicated
that the difference in the conformational energies of 13 and the
C-2, C-3 Z isomer was the same as for 15 and the corresponding
C-2, C-3 Z isomer, so thermodynamic control of the intramolecular
Horner-Emmons reaction seems unlikely.

CO,C,H,

15 16

The synthesis of (—)-asperdiol was completed by first reducing
13 with lithium aluminum hydride in ether at =20 °C for 30 min
to produce alcohol 16 in 78% yield. The hydrolysis of the eth-
oxyethyl group posed a problem because of the presence of the
epoxide. Transannular reactions are precedented in this system.?
The removal of the protecting group was accomplished in 71%
yield by treatment of a solution of 16 in tert-butyl alcohol with
1.0 equiv of pyridinium tosylate at 23 °C for 2.5 h. Synthetic
(-)-asperdiol was spectroscopically identical with racemic material
which was prepared by Professor W. Clark Still.!8

(16) The geometry of the C-2, C-3 double bond is easily determined by
the chemical shift of the C-2 vinyl proton.

(17) Professor W. Clark Still’s program MODEL was used to perform the
NMR calculatjons.
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The first enantioselective total synthesis of (—)-asperdiol has
been accomplished in 15 steps from epoxygeranyl bromide. It
is noteworthy that the trisubstituted epoxide was robust enough
to survive the conditions for the nucleophilic displacement reactions
which were used to form the C-12, C-13 and the C-3, C-4 bonds.
The epoxide also survived the reductive desulfonylation and the
intramolecular Horner—-Emmons reaction. Our assumption that
the cyclization to the 14-membered ring in the desepoxy series
would be more straightfoward than in the epoxy series, which
provided the impetus for the synthesis of (+)-desepoxyasperdiol,
was shown to be false. A number of the optically pure fragments
which were used for the total synthesis of 1, particularly 4 and
7, will be useful for the synthesis of other cembranoids.
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Supplementary Material Available: Spectroscopic data for
compounds 4, §, 7,9, 12, and 13 and experimental procedure for
the intramolecular Horner-Emmons reaction (2 pages). Ordering
information is given on any current masthead page.

(18) 'H NMR (CDCl;, 300 MHz) § 5.43 (d, J = 7.8 Hz, 1 H), 5.11 (t,

J=6.8 Hz, 1 H), 4.94 (brs, 1 H), 4.75 (brs, 1 H), 447 (dd,J = 7.7, 5.8
Hz,lH) 4,05 (brs, 2 H), 2.66 (dd, J = 5.9, 4.4 Hz, | H), 2.45- 12(m 13
H), 1.74 (brs, 3 H), 1.59 (br s, 3 H), 1.17 (s, 3 H). *C NMR (CDCl,, 75
MHz) § 145.78, 139.55, 135.48, 128.76, 124.72, 113.77, 66.40, 65.87, 64.77,
60.25, 50.66, 37.55, 36. 16 28.11, 26.67, 25.94, 24.07, 22.45, 16.67, 15.86. IR
(CH,;Cl,) 3593, 3063, 2924, 1641, 1603, 1452, 1385 cm™. Mass spectrum,
mje 320 (M*, weak) 302 (M+ H,0), 177, 135, 108, 95, 81. Exact mass
caled for CyH3,04 320.2351, found 320.2357. ]23 =79° (¢ 0.00055,
CHCly).
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Various aspects of electron transfer involving metal centers have
received intense scrutiny during the past two decades. Marcus
theory! has provided an important theoretical framework to drive
experiments.? Thermal and photochemical systems?® have been
developed to explore the validity of the theory and the relevance
of electron transfer to biological systems.* For example, the
efficiency of electron transfer was suggested to be attenuated by
proteins, membranes, and other biological structures.> We report

(1) (a) Marcus, R. A. J. Phys. Chem. 1968, 72, 891 and references sited
therein. (b) Sutin, N. Acc. Chem. Res. 1968, 1, 335. (c) Taube, H. Angew.
Chem. 1984, 23, 329. (d) Marcus, R. A. Annu. Rev. Phys. Chem. 1964, 15,
15S.

(2) (a) Chou, M.; Creutz, C.; Sutin, N. J. Am. Chem. Soc. 1977, 99, 5615.
(b) Balzani, V.; Boletta, F.; Gandolfi, M. T.; Maestri, M. Top. Curr. Chem.
1978, 75, 1. (c) Miller, J. R,; Calcaterra, L. T.; Closs, G. L. J. Am. Chem.
Soc. 1984, 106, 3047.

(3) (a) Meyer, T. J. Acc. Chem. Res. 1978, 11, 94. (b) Hush, N. S. Coord.
Chem. Rev. 1988, 64, 135. (c) Fox, M. A. Adv. Photochem. 1986, 13, 237.

(4) (a) Devault, D. Q. Rev. Biophys. 1980, 13, 387. (b) Isied, S. S. Prog.
Inorg. Chem. 1984, 32, 443.

(5) (a) Rees, D. C. Proc. Natl. Acad. Sci. US.A. 1985, 82, 3082. (b)
Wherland, S.; Gray, H. B. In Biological Aspects of Inorganic Chemistry,
Addison, A. W., Cirllen, W. R,, Dolphin, D., James, J. R., Eds., Wiley: New
York, 1977; p 289. (c) Mauk, A. G.; Bordignon, E.; Gray, H. B. J. 4m.
Chem. Soc. 1982, 104, 7654. (d) Peterson-Kennedy, S. E.; McGourty, J. L.;
Ho, P. S,; Sutoris, C. J; Liang, N.; Zemel, H.; Bough, N. N.; Margohiosh,
E.; Hoffman, B. M. Coord. Chem. Rev. 1988, 64, 125. (e) McLendon, G.;
Gaurr, T.; McGuire, M.; Simolo, K.; Strauch, S.; and Taylor, K. Coord.
Chem. Rev. 19858, 64, 113. (f) Tunnelling in Biological Systems; Chance,
B., Ed.; Academic Press: New York, 1979.
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Table I. Electron-Transfer Rates for Various Donor-Acceptor Pairs
in the Presence of DNA%?

donor acceptor [DNA/Ru} Kgy X 1074, M™!
Ru(phen),2* Co(phen),** 14 4.9
Ru(phen);* Co(phen);** 18 6.0
Ru(phen);?* Co(phen);** 27 7.3
Ru(phen);2* Co(phen),* 55 8.6
Ru(phen);?* Co(phen),** 110 9.6
Ru(bpy),** Co(bpy);** 8¢ 0.19
Ru(bpy),>* Co(phen),** 8¢ 0.35
Ru(bpy)s2* Co(DIP)3* 8¢ 0.83

220 mM NaCl, 110 uM calf thymus DNA, 5 mM Tris buffer, pH
7.2, typical errors are £10%. ?Suitable filters were placed on the ex-
citation and emission sides to minimize any scattered and shorter
wavelength light. Samples were excited at 450 nm and monitored at
600 nm. ‘These runs were made with 2 uM ruthenium, 80 uM calf
thymus DNA, 50 mM NaCl, 5 mM Tris buffer, pH 7.2.

here an investigation of several donor—acceptor systems which
undergo photoinduced electron transfer to examine the role of the
DNA double helix in mediating electron transfer and to probe
the various aspects of the DNA environment, such as local
electrostatic fields, hydrophobic patches, lipophilic interactions
and the dimensionality of space surrounding the double helix. A
reduced dimensionality in diffusion of DNA-binding proteins was
suggested as a major factor contributing to their ability to rapidly
locate sequences along the DNA.®  Another consideration of
interest is whether the #»-frame of the nucleic acid bases would
assist the transfer of an electron across the strand in a manner
similar to conductors.

The donors and acceptors employed are the polypyridyl com-
plexes of Ru(II) and Co(III) as shown in Chart I. Several
structural features prompted us to use these molecular probes,
including their chirality. Binding of these complexes to DNA has
been extensively studied and shows striking enantiomeric selec-

(6) (a) Ehbrecht, H.-J.; Pingoud, A.; Urbanke, C.; Mass, G.; Gualerzi, C.
J. Biol. Chem. 1985, 260, 6160. (b) Adam, G.; Delbruck, M. Structural
Chemistry and Molecular Biology, Rich, A., Davidson, N., Eds.; pp 198-215,
Freeman and Co.: San Francisco, 1968; pp 198-215. (c) Terry, B. J.; Jack,
W. E.; Modrich, P. J. Biol. Chem. 1985, 260, 13130. (d) Langowski, J.; Alves,
J.; Pingoud A.; Maass, G. Nucl. Acid Res. 1983, 11, 501. (e) Richter, P. H.
J.; Eigen, M. Biophys. Chem. 1974, 2, 255. (f) Berg, O. g.; Winter, R. B.;
von Hippel, P. H. Biochemistry 1981, 20, 6929.
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